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Upon infection, the intracellular parasite Toxoplasma gondii co-opts critical functions of its host cell to avoid immune clearance and gain access to nutritional resources. One route by which Toxoplasma co-opts its host cell is through hijacking host organelles, many of which have roles in immunomodulation. Here we demonstrate that Toxoplasma infection results in increased biogenesis of host lipid droplets through rewiring of multiple components of host neutral lipid metabolism. These metabolic changes cause increased responsiveness of host cells to free fatty acid, leading to a radical increase in the esterification of free fatty acids into triacylglycerol. We identified c-Jun kinase and mammalian target of rapamycin (mTOR) as components of two distinct host signaling pathways that modulate the parasite-induced lipid droplet accumulation. We also found that, unlike many host processes dysregulated during Toxoplasma infection, the induction of lipid droplet generation is conserved not only during infection with genetically diverse Toxoplasma strains but also with Neospora caninum, which is closely related to Toxoplasma but has a restricted host range and uses different effector proteins to alter host signaling. Finally, by showing that a Toxoplasma strain deficient in exporting a specific class of effectors is unable to induce lipid droplet accumulation, we demonstrate that the parasite plays an active role in this process. These results indicate that, despite their different host ranges, Toxoplasma and Neospora use a conserved mechanism to co-opt these host organelles, which suggests that lipid droplets play a critical role at the coccidian hostpathogen interface.
Lipid droplets (LDs) 2 are conserved organelles that act as intracellular stores of neutral lipids such as cholesterol esters and triacylglycerols and as platforms for lipid metabolism (1) . These organelles are unique in that they are surrounded by a phospholipid monolayer, rather than a bilayer, and are filled with a neutral lipid core (2) . LDs are dynamically generated and turned over in response to metabolic cues (1, 3, 4) , and dysregulation of these processes can lead to human diseases such as diabetes and obesity (5) . LDs have also been implicated as major players in host-pathogen interaction. Indeed, LDs represent energy-rich prizes for intracellular pathogens. For instance, Chlamydia takes up host lipids by trafficking LDs to the bacterial inclusion (6) , and hepatitis C virus and rotavirus co-opt LDs for their replication and assembly (7, 8) . LDs may also possess active antimicrobial functions, as invertebrate LDs were recently found to protect against intracellular bacterial infection of Drosophila embryos by directly targeting and killing bacteria (9) .
The ubiquitous intracellular parasite Toxoplasma gondii survives and replicates within a parasitophorous vacuole (PV) that protects it from clearance but restricts its access to host resources. Perhaps in response to this challenge, the parasite secretes an array of effector proteins that alter host cell signaling (10 -12) . Rewiring of host cell functions by the parasite serves the dual purposes of immune evasion (13) and hijacking host resources, such as phospholipids (14, 15) and cholesterol (16) , for which the parasite is auxotrophic. Previous work has identified potential interactions between the PV and a number of host organelles, including the ER (17) , Golgi (15) , and mitochondria (17, 18) . In some parasite strains, a polymorphic parasite effector serves to capture host mitochondria against the PV (18) , resulting in apparent changes in immune signaling. It is therefore likely that additional effectors directly modulate the functions of other host organelles.
Recent work indicates that LDs accumulate in Toxoplasmainfected murine cells (19, 20) , although neither the signaling nor the metabolic changes to the host cell associated with this organellar modulation are understood. Here we demonstrate that Toxoplasma infection radically alters its host cell metabolism, changing how the cells respond to and process fatty acids. These changes result in buildup of neutral lipids in LDs, some of which appear to be captured by the PV. We identify multiple biochemical activities involved in neutral lipid metabolism that are altered by infection and show that these processes are similarly affected by Neospora infection. Furthermore, we demonstrate that this metabolic dysregulation requires secretion of parasite effectors, revealing host LDs as a previously unknown platform for coccidian parasite interaction with their hosts.
Results

Toxoplasma infection causes robust up-regulation of host LDs in human cells
Previous work has indicated that Toxoplasma infection induces an increase in murine host LDs (19, 20) . To confirm that this phenomenon is relevant to hosts other than mice, we infected primary human foreskin fibroblasts (HFFs) with the type I RH strain of parasites expressing cytosolic TdTomato. After 24 h, we stained neutral lipids with BODIPY 493/503. Although few LDs were visible without the addition of free fatty acid (FFA) (data not shown), after incubation with oleic acid (OA), parasite-infected cells had significant neutral lipid buildup compared with uninfected cells (Fig. 1 ). Infection with increasing multiplicities of infection (m.o.i.) led to a more robust increase in host LDs (Fig. 1A) , consistent with a dose response to a parasite-derived factor.
To investigate the timing of the up-regulation, HFFs were incubated with OA for a total of 24 h and infected with Toxoplasma for 2-24 h prior to fixation and then stained and imaged ( Fig. 1B) as above. Cellular neutral lipid levels were estimated by quantifying BODIPY intensity in all images using an automated CellProfiler pipeline (21) (Fig. 1C ). We observed significant increases in BODIPY signal as early as 2 h post infection (hpi) and more substantial differences as infection progressed. As all cells were treated with OA for the same amount of time, these data indicate that, as an infected cell matures, it increases its ability to take up, esterify, and store esterified fatty acids in LDs. We also observed a diffuse BODIPY signal associated with the parasites in OA-treated cells (Fig. 1B, bottom panel) . We quantified this parasite-associated signal at 24 hpi and found that it was significantly higher than the BODIPY signal colocalized with host nuclei, which we used as an estimate of nonspecific background (Fig. 1D ). This parasite-associated signal suggests that the parasites themselves store neutral lipids when exposed to high levels of FFA.
Parasite-induced LD accumulation occurs without FFA stimulation
To demonstrate that the observed accumulation of LDs is not an artifact of excess FFA, we tested whether LD biogenesis was altered in infected cells that had not been treated with OA. As LDs range in diameter from several microns down to ϳ100 nm and often cluster within a cell, they can be difficult to resolve by light microscopy. We therefore used transmission EM to examine cells that were not treated with OA and either infected for 24 h or left uninfected. Consistent with our fluorescence microscopy data of OA-treated cells ( Fig. 1 ), we observed an increase in overall host LD-infected cells compared with uninfected cells (Fig. 2 , A-C). Overall, we observed an approximate 2-fold increase in the cellular surface area covered by LDs in infected cells over that in uninfected cells (Fig. 2D ). This was partially due to a greater number of droplets in infected cells ( Fig. 2E ), although infected cells also contained significantly higher numbers of larger LDs (Fig. 2F ).
Neutral lipid synthesis machinery localizes to the ER, and current models indicate that LDs bud from sites on the ER membrane (22) . As the Toxoplasma PV is thought to make intimate contacts with a number of host organelles, including the ER (17), it is possible that such contacts might be involved in the observed induction of neutral lipid accumulation in infected cells. If that were the case, we would expect to find concentrated groups of LDs near the PV. Although our EM images do show clusters of LDs in infected cells, we observed no correlation with distance to the PV; clusters of LDs in infected cell often localize quite distant from a PV ( Fig. 2A ). Strikingly, we also observed round objects of low electron density within the PV, consistent with the EM characteristics of LDs ( Fig. 2C , arrowheads), suggesting that neutral lipids are being imported into the PV.
Toxoplasma infection increases triacylglycerol production in host cells
LDs are composed of a variety of neutral lipids, including cholesterol esters, diacylglycerols, and triacylglycerols (TAG). To identify the neutral lipids accumulating in infected cells, at 24 hpi we extracted lipids from infected cells and compared the neutral lipid levels with those extracted from uninfected cells. As addition of FFA would be expected to drive the increase of TAG over other neutral lipids, we did not treat cells with OA. To control for lipids found in parasites, parasites were mechanically released from identically treated infected cells and purified from cell debris by filtration. These free parasites were mixed with uninfected host cells in organic solvent to extract neutral lipids. All "uninfected" samples therefore contained a mix of parasite and host-derived lipids and thus provided a true baseline against which to specifically measure changes in host neutral lipid levels because of infection. We resolved extracted neutral lipids by TLC. Quantifying individual lipid levels by densitometric comparison with lipid standards revealed that parasite infection increased TAG levels by 3-fold but that other neutral lipids, including cholesterol esters, remained largely unaltered (Fig. 3A ). Taken together with our EM images, these data demonstrate that Toxoplasma infection of human cells triggers a specific up-regulation in TAG accumulation and the biogenesis of new lipid droplets.
LDs are maintained in a dynamic equilibrium by continuous synthesis and hydrolysis (lipolysis) of neutral lipids (1) . The accumulation of LDs we observe in infected cells could therefore be due either to an increased rate of synthesis, due to a reduction in the rate of lipolysis, or both. We thus sought to quantify the contributions of TAG synthesis and lipolysis to Toxoplasma-induced LD accumulation. To measure the rate of lipolysis, Toxoplasma-infected and uninfected HFFs were treated with 60 M OA to induce high levels of LD accumulation. After 16 h, OA was washed out, and 6 M triacsin C, an inhibitor of neutral lipid synthesis, was added to the medium. By measuring the amount of cellular TAG over time, we observed no significant difference between the lipolysis rates in infected and uninfected cells ( Fig. 3C ), suggesting that Toxoplasma is inducing changes in biogenesis and growth, but not turnover, of host LDs.
We next sought to measure the rate of LD accumulation in infected and uninfected cells. After overnight infection, HFFs were incubated with OA for 0 -6 h, and cellular TAG was quantified over time as above. Consistent with our observation that infected HFFs begin accumulating host LDs shortly after infection ( Fig. 1 ), we observed a substantially increased rate of LD accumulation in Toxoplasma-infected cells compared with uninfected controls (Fig. 3D ). The increased response of infected cells to FFA stimulation could have its roots in a variety of regulatory mechanisms, from transcriptional to post-translational. We used qPCR to quantify the transcript levels of host enzymes involved in LD maintenance ( Fig. 3B ) at 24 hpi but without stimulation with OA ( Fig.  3E ). Although we observed no change in lipolysis rate because of infection, we did observe that the transcript levels for adipose triglyceride lipase (ATGL), which encodes the enzyme that catalyzes the rate-limiting step in TAG lipolysis, were reduced by 1.9 Ϯ 0.1-fold in infected cells. Changes in transcript levels were not limited to proteins involved in lipolysis. Most notably, we observed a 1.9 Ϯ 0.3-fold increase in the transcript for the enzyme diacylglycerol O-acyltransferase (DGAT2), which converts DAG and FFA into TAG (23), as well as a 5.9 Ϯ 0.8-fold increase in the fatty acid-binding protein 5 (FABP5), which is required for efficient transport of FFA between organellar membranes. Consistent with the increase in its transcript, FABP5 protein levels were substantially increased in infected cells ( Fig. 3F ). Increased levels of FABP5 protein would be expected to bind FFA, potentially increasing the amount of FFA available in a cell. We quantified FFA levels from our lipid extractions (e.g. Fig. 3A ) by densitometry and found that infected cells had 2.2 Ϯ 0.4-fold more FFA than uninfected cells ( Fig. 3G ). We also tested whether infection increased FFA import into a cell using radiolabeled OA but saw no significant difference between uptake in infected versus uninfected cells ( Fig. 3H ). These data are consistent with the known role of FABP5 in intracellular FFA transport rather than in import.
Taken together, these data suggest that the parasite-driven increase in host LD accumulation is caused, in part, by changes in transcripts that encode for proteins involved in both the intracellular transport and synthesis of lipids. Given the multiple layers of regulation of cellular metabolism, it is unlikely that transcriptional changes are entirely responsi- the Toxoplasma RH strain (RH-Inf). Cells had not been treated with OA. B, diagram of cellular TAG metabolism that leads to LD formation. Enzymes and transporters are indicated as ovals and lipids as squares. Host proteins whose transcripts are altered upon parasite infection are colored. Rate-limiting reactions are indicated by thinner lines. Note that HSL and ATGL catalyze the same reaction (TAG hydrolysis). PM, plasma membrane; ACS, acyl-CoA synthetase; GPAT, glycerol-3-phosphate acyltransferase; AGPAT, 1-acylglycerol-3-phosphate acyltransferase; PAP, phosphatidate phosphatase; DAG, diacylglycerol; HSL, hormone-sensitive lipase. C, quantification of lipolysis rate. Cellular TAG was quantified after OA washout and combined with triacsin C to inhibit TAG synthesis. Cells were harvested at the indicated times, and neutral lipids were extracted and quantified as described under "Experimental procedures" (n ϭ 3). D, quantification of TAG accumulation. HFFs were infected for 16 h or left uninfected and pulsed with 360 M OA for the indicated times, after which total TAG levels were quantified (n ϭ 3). Data were fit linearly using GraphPad Prism: k uninf ϭ 0.090 Ϯ 0.007 g/h; k inf ϭ 0.30 Ϯ 0.01 g/h. Toxo, Toxoplasma. E, host transcript levels encoding proteins associated with neutral lipid metabolism were quantified by qPCR after 24-h infection with Toxoplasma RH without OA treatment and compared with uninfected cells. One-way ANOVA: *, p Ͻ 0.05; ***, p Ͻ 0.0001. F, Western blot of cellular lysates of uninfected and Toxoplasmainfected cells probed with anti-FABP5 and GAPDH as a loading control. G, relative FFA abundance was quantified by densitometric analysis of TLC. H, uptake of [ 14 C]oleate by uninfected and infected cells was compared after 1-h incubation.
ble for the observed changes in LD accumulation upon infection.
We went on to quantify the DGAT activity in uninfected and Toxoplasma-infected cells according to the method described under "Experimental procedures." We observed no significant difference in DGAT-specific activities between uninfected and infected cells that had not been treated with OA ( Fig. 4A ). Strikingly, when treated for 6 h with 360 M OA, Toxoplasma-infected cells, but not uninfected cells, showed a 2.7 Ϯ 0.4-fold increase in DGAT activity. There was no apparent change in DGAT2 protein levels in our membrane fractions after OA stimulation ( Fig. 4B ), suggesting that DGAT activity is being posttranslationally regulated differently in infected versus uninfected cells.
Parasite-induced LD accumulation requires host mTOR and JNK signaling
We next sought to determine which host signaling pathways modulate the changes to neutral lipid metabolism triggered by parasite infection. Given the diversity of possible signaling networks manipulated by Toxoplasma to up-regulate LDs, we adopted a pharmacological strategy to identify potential players. We chose the inhibitor of mTOR signaling Torin-1 as a likely first candidate. mTOR is a central regulator of cellular metabolism; its inhibition reduces global protein translation (24) and would thus be expected to act against parasite up-regulation of host metabolic proteins. In addition, mTOR inhibition increases autophagic breakdown of LDs, or lipophagy (3), which could partially counter the accumulation we found associated with Toxoplasma infection. As expected, Torin-1 treatment during infection largely blocked Toxoplasma-induced accumulation of cellular TAG and, thus, the associated built-up LDs (Fig. 5, A and B) , indicating that we could indeed pharmacologically inhibit this up-regulation.
To identify other host signaling pathways that may be involved, confluent HFFs were infected and treated for 24 h with inhibitors of signaling through HIF1␣, c-Myc, EGF receptor (EGFR), or the MAPKs ERK1/2, p38, or JNK. We incubated cells with OA for the last 6 h of infection, stained for neutral lipids with BODIPY 493/503, and imaged. The majority of drugs we tested showed no significant ability to block parasiteinduced LD accumulation ( Fig. 5 and data not shown), including the HIF1␣ inhibitor PX-478. We were thus surprised to find that the ALK4/5 inhibitor SB505124, which was shown previously to inhibit Toxoplasma-induced HIF1␣ activation (25) , was able to partially inhibit LD accumulation in infected cells. More recently, SB505124 was also found to block Toxoplasma replication by inhibiting a parasite kinase (26) . Given that neither direct inhibition of host HIF1␣ nor HIF1␣ knockout (data not shown) had any effect on LD accumulation, we reasoned that parasite growth is required for the observed phenotypes. This suggests that SB505124-mediated killing of parasites was causing the reduction in LD buildup, perhaps by inhibiting the release of an effector required for the observed phenotypes.
To our surprise, we noted that one other drug, the widely used JNK inhibitor SP600125, also appeared to block parasite replication (Fig. 5A ). We observed, however, that SP600125 treatment much more robustly inhibited LD accumulation than SB505124 ( Fig. 5 ), suggesting that its activity against host JNK may also be relevant. To test this, we used a recently developed JNK inhibitor (JNK-in-8, Ref. 27) with greatly improved specificity and an unrelated chemical scaffold to SP600125. Consistent with a requirement for host JNK activity in parasiteinduced LD biogenesis, treating infected cells with JNK-in-8 substantially reduced TAG accumulation in infected cells (Fig.  5, A and B) but did not block parasite replication. As JNK-in-8 is an irreversible inhibitor, we were able to eliminate any confounding direct effect it may have on the parasites by pretreating HFFs with drug for 2 h and washing out at the time of infection. Even though such inhibition would only persist until new JNK protein had been synthesized, we found that JNK-in-8 pretreatment blocked ϳ30% of the TAG accumulation induced by Toxoplasma infection (Fig. 5B ). We therefore conclude that efficient Toxoplasma induction of host LDs appears to require both JNK and mTOR signaling to be uninhibited.
Somewhat surprisingly, although both Torin-1 and JNK-in-8 treatment significantly attenuated LD buildup in infected cells, their effects on host metabolic transcript levels were mild. Torin-1 partially blocked Toxoplasma-induced changes to FABP5 transcript levels, whereas JNK-in-8 showed no significant effect. Neither drug significantly reduced the effect of infection on DGAT2 transcript levels (Fig. 5, C and D) . That the attenuation of LD accumulation by Torin-1 and JNK-in-8 treatment was far stronger than the inhibition of Toxoplasma-induced transcriptional changes suggests that the observed effect on TAG synthesis of these drugs is largely posttranscriptional.
Host LD accumulation is conserved across Toxoplasma strains and the related parasite Neospora
Distinct evolutionary pressure on individual Toxoplasma strains has led to a number of polymorphic effectors that cause strain-specific differences in host cell function (13, 28) . We thus sought to determine whether the ability to up-regulate host LDs was limited to specific Toxoplasma strains. We elected to test the three genetically divergent strains (called types I, II, and III) that are the predominant global isolates (29) for the ability to induce host LD accumulation. HFFs were infected with either the type II ME49 or type III CEP strain, treated with OA, and imaged as above. Infection of cells with each strain yielded a robust up-regulation of host LDs (Fig. 6A ) similar to what we had observed with the type I RH strain (Fig. 1 ). By using TLC to quantify neutral lipids that had been extracted from cells infected with any of the three Toxoplasma strains, we demonstrated that infection with each strain yields an approximately 2-to 4-fold increase in cellular TAG over uninfected cells (Fig. 6B) .
Neospora caninum is a coccidian parasite that is closely related to T. gondii but has effector molecules that have largely diverged in function from those in Toxoplasma (30) . Indeed, the majority of functions that have been ascribed to specific Toxoplasma effector proteins to date appear to be unconserved in the two organisms (30) . Also, unlike Toxoplasma, Neospora is unable to productively infect humans in vivo. We repeated our imaging and neutral lipid extraction on HFFs that had been infected with the Neospora NC1 strain. To our surprise, Neospora infection also resulted in a substantial accumulation of TAG in host LDs in infected human fibroblasts (Fig. 6 ). Thus, host up-regulation of LDs upon infection appears to be conserved among this family of parasites.
As we have demonstrated that Neospora infection also induces LD accumulation, we next asked whether both parasites required similar host pathways to modulate host neutral lipid metabolism. We thus tested the panel of inhibitors we used above for an ability to attenuate Neospora-induced effects on host LD accumulation. Consistent with our data for Toxoplasma infection, we observed no significant change in transcription or LD accumulation for the majority of drugs we tested (data not shown). Also, similar to our data with Toxoplasma, treatment with both Torin-1 and JNK-in-8 efficiently blocked LD accumulation (Fig. 7A) . In contrast to their global effect on LD biogenesis, these two drugs showed strikingly different effects on Neospora-induced changes to host transcripts than what we observed with treatment of Toxoplasma-infected cells. In Neospora-infected cells, Torin-1 treatment substantially attenuated the increase of both FABP5 and DGAT2 transcripts ( Fig. 7B ). On the other hand, JNK-in-8 did not significantly affect FABP5 transcript levels but strongly attenuated the Neospora-associated increase in the level of DGAT2 transcript (Fig. 7B ). The distinct effects of the two drugs suggest that the observed changes in host metabolic transcript levels are differentially regulated by host mTOR and JNK. Furthermore, the differential effect of the drugs on Neospora-versus Toxoplasma-infected cells suggests that, although both parasites appear to drive LD biogenesis by similar alterations to host neutral lipid metabolism, the changes induced by the parasites are differentially sensitive to regulation by JNK and mTOR.
Recently, Toxoplasma strains were found to up-regulate and activate the transcription factor c-Myc, and this up-regulation was suggested to be downstream of JNK (31) . c-Myc can drive the transcription of FABP5 (32), although the transcription factor has also been associated with the negative regulation of LDs (33) . When we directly inhibited c-Myc function with either of the drugs KJ Pyr 9 or 10058-F4, we saw neither a significant change in LD accumulation in Toxoplasma-infected cells nor a significant effect on relevant host transcript levels. We have shown, however, that infection with Neospora up-regulates host LDs to levels similar to what we observe with Toxoplasma (Fig. 6) , and Neospora infection does not activate host c-Myc (31) . Taken together, these data suggest that, although c-Myc may play a minor role in the ability of Toxoplasma to affect host neutral lipid metabolism, other pathways must be playing a dominant role in cells infected with both parasites.
An effector exported from the parasitophorous vacuole is required to induce host LD up-regulation
Toxoplasma secretes effectors from specialized organelles as it invades a given host cell and exports effectors from the PV into the host cytosol when infection has been established. Recently, knockout of the Toxoplasma protein MYR1 was demonstrated to specifically block the export of effectors from the PV without disrupting other effector functions (34) . We used such ⌬myr1 parasites to test whether a parasite effector exported from the PV is required for the up-regulation of host LDs. Strikingly, HFFs infected with RH⌬myr1 parasites and treated with OA showed no change in neutral lipid storage by microscopy or TLC compared with uninfected cells (Fig. 8, A  and B) . In addition, infection with RH⌬myr1 led to no significant changes in any of the transcripts of host genes involved in lipid metabolism that we had identified as correlated with LD up-regulation during wild-type infection (Fig. 8C ). RH⌬myr1 parasites also did not induce changes to FABP5 protein levels or to mTOR activity (Fig. 8D ). Both host cell transcriptional changes and LD accumulation were restored by infection with a strain in which the MYR1 gene had been complemented (Fig.  8) . These data strongly suggest that the activities of one or more effectors exported from the PV into the host cytosol are required for parasite-induced changes in host neutral lipid metabolism.
Discussion
We have demonstrated that infection of primary human cells with the coccidian parasites Toxoplasma and Neospora leads to a rewiring of host cell lipid metabolism that ultimately results in robust accumulation of TAG in host LDs. We showed that this LD accumulation appears to be driven initially by changes in transcript levels encoding the host proteins that modulate critical steps in host neutral lipid homeostasis (Fig. 3) . This includes up-regulation of FABPs that transport FFA across cytosolic spaces to various organellar membranes as well as key enzymes in TAG synthesis.
In our biochemical analysis, we also observed that Toxoplasma infection causes an increase in the host cell responsive- 
Toxoplasma manipulates host lipid droplets
ness to additional FFA. Regulation of TAG synthesis and LD biogenesis occurs both transcriptionally and posttranslationally (35, 36) , and our data indicate that Toxoplasma infection of mammalian cells alters LD accumulation at both mechanistic levels. In particular, DGAT activity in infected cells is robustly induced by OA stimulation (Fig. 4) . The alteration of the host cellular response to FFA is, to our knowledge, the first example of a change in cellular dose/response to a metabolite caused by Toxoplasma infection. In addition, although Toxoplasma strongly dampens cellular responses to inflammatory cytokines such as IFN␥ (37, 38) , we believe this is the first report of Toxoplasma infection increasing sensitivity to a cellular stimulus.
The changes Toxoplasma infection induces in host neutral lipid metabolism are striking in their breadth. Although infection with diverse intracellular pathogens alters LD homeostasis, few of these interactions have been defined at a biochemical level. For those that have been examined mechanistically, the cellular changes are much more limited than what we observed with Toxoplasma infection. For instance, hepatitis C virus (HCV) infection causes LD buildup by specifically blocking TAG lipolysis without affecting synthesis (39) . Also, Leishmania infection alters transcripts indicated to increase FFA availability and TAG synthesis but has not been reported to alter the regulation of enzymatic activity (40) . Toxoplasma may therefore prove to be an ideal system for further elucidating the roles of LDs in intracellular host-pathogen interaction.
Recent work has identified an increasing number of host signaling networks that are actively manipulated during Toxoplasma infection, many of which have been implicated in the regulation of mammalian LDs in other contexts. For instance, HIF1␣ is activated by Toxoplasma infection (25) , and in glioblastoma, its activity regulates fatty acid uptake and LD formation, largely through the induction of FABP expression (41) . Both EGF receptor signaling (42) and c-Myc (31) are similarly activated by all strains of Toxoplasma, and both pathways have been shown to up-regulate FABP5 expression in cancer (32, 43) . In addition, host MAPK signaling is activated by all strains of Toxoplasma through multiple mechanisms (12, 42, 44) . Importantly, MAPK signaling regulates a variety of metabolic processes, including host LD formation in pathogenic contexts (45, 46) . Given the diverse signaling pathways that can regulate neutral lipid metabolism, we were surprised that our pharmacological inhibition of host signaling revealed a specific role for mTOR and JNK in parasite-mediated dysregulation of LD biogenesis. This suggests that the host-parasite interaction may be modulating host metabolism through a unique mechanism.
Notably, we observed increased LD accumulation after infection with each of the three globally predominant Toxoplasma strains as well as with the related parasite N. caninum. Our data from transcriptional analyses and pharmacological perturbation of host signaling suggest that infection with the two parasites affects host LDs through dysregulation of the same host cellular pathways. The conservation of this phenotype across the parasite family raises the possibility that LD accumulation may be a host-driven response to protozoal infection. Indeed, LDs have been reported to provide antimicrobial activities in invertebrates (9) . JNK-mediated induction of LDs in glia in animals prone to neurodegeneration leads to production of reactive oxygen species associated with cellular damage (47) . Given that JNK activity appears to modulate the effects we report here (Fig. 5) , and also given that reactive oxygen species are an important innate defense against pathogens, the potential that LDs have an underappreciated role in the innate immune response to parasites deserves further study.
In fact, infection with a wide range of pathogens alters host neutral lipid metabolism, including viruses (8, 39) , bacteria (6, 48, 49) , and protozoa (40, 50) . In the majority of these cases, however, the interaction with host lipid droplets is either required for pathogen replication or otherwise provides a growth advantage to infectious agents. Akin to what has been reported for Chlamydia (51) , we observed what appear to be LDs within the Toxoplasma PV (Fig. 2) . LDs are unlikely to have been generated in situ, as this would require the full complement of metabolic enzymes to be secreted by the parasite into the PV. It therefore appears more likely that host neutral lipids are transferred into the PV either through fusion of LDs with the PV membrane or import of whole LDs into the PV lumen, as has been reported for other organelles (52, 15) . Regardless of the mechanism of import, their presence within the PV suggests that Toxoplasma may use host LDs as a lipid source. Given the size of a lipid droplet, the parasite would be unable to directly endocytose the organelles. Therefore, accessing the lipids would seem to require PV-resident enzymes able to release esterified FFAs and cholesterol from within the LD core. Although no such proteins have yet been identified, Toxoplasma secretes hundreds of uncharacterized effectors into the PV space, providing a bounty of candidates.
Although blocking a potential energy source might be expected to slow parasite growth, we observed no growth rate deficiency from pharmacologically blocking LD up-regulation. This could be due to the relaxed requirements for in vitro growth versus the intense competition the parasite faces during in vivo infection. This may also be compounded by the fact that Toxoplasma appears to have evolved multiple independent methods to obtain required resources. For instance, although Toxoplasma may access host cholesterol esters (53) , it also manipulates cholesterol homeostasis through dysregulation of the transcription of cholesterol metabolic enzymes (54) and by redirecting LDL trafficking (16, 52) .
The interaction of host LDs with the parasite likely exceeds their classic role as lipid stores, as mammalian LDs are involved in immune activation (55) (56) (57) (58) , and their accumulation has been associated with both the generation of (47) and protection from reactive oxygen species (41) . The ⌬myr1 parasite strain we identified as unable to up-regulate host TAG accumulation has been reported previously to grow normally in vitro but shows a striking attenuation in its in vivo growth and virulence to mice (34) . These mutant parasites are completely defective in effector translocation from the PV into the host cytosol, which strongly argues that a parasite-derived factor drives the host metabolic changes we have observed. Identifying the specific effector or effectors responsible for this host dysregulation will be required to tease apart the role for this process in pathogenesis and to better elucidate any benefits the host or parasite derives from this manipulation of organellar biogenesis and cellular metabolic homeostasis.
Experimental procedures
Parasite and host cell culture
HFFs were grown in Dulbecco's modified Eagle's medium (HyClone) supplemented with 10% fetal bovine serum (Sigma), 2 mM L-glutamine (HyClone), and 100 units/ml penicillin/ streptomycin (Sigma). Toxoplasma and Neospora tachyzoites were maintained in confluent monolayers of HFFs. All cells and parasites were routinely tested to be Mycoplasma-negative. All experiments were conducted with confluent monolayers of HFFs.
Neutral lipid staining and fluorescent microscopy
HFF cells were grown on coverslips in 24-well plates until confluency and were infected with parasites. Where m.o.i. is not indicated, an m.o.i. of 4 was used. For most experiments, infected HFF cells were supplemented with 0.36 mM oleic acid (Sigma) solubilized in 0.064 mM fatty acid-free BSA (Sigma), and the cells were grown for another 6 h. The cells were rinsed twice with PBS and fixed with 4% paraformaldehyde/4% sucrose in PBS at room temperature for 15 min. After two washes with PBS, cells were stained for neutral lipids with BODIPY 493/503 (Invitrogen) and then mounted with mounting medium containing DAPI (Vector Laboratories). Cells were imaged on an AxioObserver equipped with an AxioCam 503 using a ϫ20/0.8 numerical aperture objective (Zeiss).
Quantitative automated image analysis
Fluorescent micrographs were analyzed with CellProfiler (21) using a pipeline that identified host cell nuclei, identified parasites by TdTomato signal, quantified background in the BODIPY channel, masked the BODIPY channel to ignore the signal in parasites, and quantified total BODIPY intensity normalized by host cell number (i.e. number of nuclei).
Transmission electron microscopy
Cells were fixed on MatTek dishes with 2.5% (v/v) glutaraldehyde in 0.1 M sodium cacodylate buffer. After three rinses in 0.1 M sodium cacodylate buffer, they were post-fixed with 1% osmium tetroxide and 0.8% K 3 [Fe(CN 6 )] in 0.1 M sodium cacodylate buffer for 1 h at room temperature. Cells were rinsed with water and stained en bloc with 2% aqueous uranyl acetate overnight. After three rinses with water, the specimens were dehydrated with increasing concentrations of ethanol, infiltrated with Embed-812 resin, and polymerized in a 70°C oven overnight. Blocks were sectioned with a diamond knife (Diatome) on a Leica Ultracut UC7 ultramicrotome, collected onto copper grids, and post-stained with 2% uranyl acetate in water and lead citrate. Images were acquired on a Tecnai G2 spirit transmission electron microscope (FEI) equipped with a LaB 6 source at 120 kV. LD sizes were measured manually from 27 images/condition using the Fiji distribution of ImageJ (59) . Total droplet area per cell was measured and divided by the area of each cell to define the percent cellular area covered by LDs. The distributions were graphed using GraphPad Prism version 7.02.
Neutral lipid extraction and thin-layer chromatography
Where indicated, uninfected or parasitized cells were grown in medium supplemented with OA solubilized in fatty acid-free BSA (Sigma). Cells were washed with PBS twice, and then lipids were extracted in 4 ml 2:1 chloroform:methanol. Lipids were further extracted in 3 ml of chloroform:methanol and washed with 1 M KCl. The purified lipids were dried under N 2 and dissolved in 150 l of 1:1 chloroform:methanol. Samples and serially diluted lipid standards were separated by thin-layer chromatography on 20-cm TLC Silica Gel 60 plates (EMD Millipore) in 80:20:1 hexane:diethyl ether:acetic acid. Plates were charred to visualize and quantify lipids as in Ref. 60 . For quantification, lipid bands were digitally scanned, and their intensities were determined by ImageJ. Concentrations were calculated relative to six to eight serial dilutions of lipid standards in a range of 125 ng to 25 g of TAG. Standards were fit to a hyperbola using GraphPad Prism. Care was taken to collect experimental values within the useful dynamic range of the standard curve.
Analysis of host transcript levels by quantitative PCR
Total RNA was extracted using TRIzol (Invitrogen) according to the protocol of the manufacturer. RNA was first treated with RNase-free DNase I (Thermo Scientific) to remove the genomic DNA and then reverse-transcribed into cDNA in the presence of RNase inhibitor (Applied Biosystems) using an ABI high-capacity cDNA RT kit (Invitrogen) or iScript RT Super-mix (Bio-Rad). Host transcript levels were quantified using SYBR Green (Invitrogen) using an Applied Biosystems 7700 Sequence Detection System. All reactions were conducted in triplicate, and analyzed results represent at least three independent biological samples. The expression levels of human genes were normalized to human U36B4 and quantified by the ⌬⌬Ct method (61). Statistical analysis was conducted with GraphPad Prism using unpaired t test (two samples) or one-way ANOVA (three or more samples). Primer sequences were as follows: U36B4 F: CGAGGGCACCTGGAAAAC, R: CACATTC-CCCCGGATATGA; GPAT1 F: GCCTGTGGAGTGTA-GCAAGA, R: ACCGGTTTCTGACTTTGGCT; GPAT4 F: AGATGCTGTCCAGTTTGCGA, R: TGCTCCTCCTTGA-ACGTGTC; AGPAT2 F: CTCCAACCACCAGAGCATCC, R: GCTGCCGGTTGATGAAGAAG; PAP1 F: CCACTCTTGC-CCATGATCGA, R: GTCATCCAAGTAGACGCCGT; DGAT1 F: CCGGACAATCTGACCTACCG, R: CCTGGAGCT-GGGTGAAGAAC; DGAT2 F: CAAGAAAGGTGGCAG-GAGGT, R: GGTCAGCAGGTTGTGTGTCT; ATGL F: ACCAACACCAGCATCCAGTT, R: TCCCTGCTTGCA-CATCTCTC; HSL F: AAGGGATGCTTCTATGGCCG, R: CGTTGCGTTTGTAGTGCTCC; FABP3 F: GTGGAGTTC-GATGAGACAACAGC, R: TGGTCTCTTGCCCGTCCC-ATTT; FABP5 F: CCTGTCCAAAGTGATGATGG, R: CAG-CATCAGGAGTGGGATG.
Pharmacological perturbation of host signaling
For analysis of host signaling networks required for LD accumulation, host HFFs were infected with RH parasites for 24 h and simultaneously treated with the following drugs at the indicated concentrations: Torin-1 (Tocris, 200 nM), PX478 (Med Chem Express, 100 M), SB505124 (Cayman Chemical, 10 M), KJ Pyr 9 (Cayman Chemical, 10 M), 10058-F4 (Cayman Chemical, 100 M), erlotinib (Cayman Chemical, 2.5 M), gefitinib (Tocris, 1 M), PD325901 (Tocris, 500 nM), SB203580 (Tocris, 10 M), BIRB 796 (Tocris, 1 M), SP600125 (Tocris, 25 M), and JNK-in-8 (Cayman Chemical, 3 M). For JNK-in-8 pretreatment, HFFs were incubated with 10 M inhibitor for 2 h and quickly washed three times with PBS, and parasites were added with fresh medium without inhibitor.
DGAT biochemical activity
For each sample, two 15-cm dishes of confluent HFFs were scraped into buffer A (20 mM Tris 7.8 and 250 mM sucrose) and lysed by nitrogen bomb. Cellular membranes were sedimented for 1 h by ultracentrifugation at 120,000 ϫ g. Isolated membranes were washed twice with buffer A and sedimented as above. Protein concentrations were measured by Amido Black. Enzyme activity was measured as in Ref. 62 with modifications. For membrane fractions, 50 g of membrane protein was used, which was within the linear range of the assay. Activities were calculated essentially as in Ref. 62 , although lipids were chloroform-extracted before separation by TLC and quantification by scintillation. Dependence on diacylglycerol was tested in some experiments by leaving out that exogenous substrate.
Radiolabeled oleate uptake
FFA uptake was measured essentially as described in Ref. 63 . Briefly, HFFs were infected overnight with RH or left uninfected. Cells were incubated in serum-free medium containing 1 M [ 14 C]oleate (PerkinElmer Life Sciences). The medium was removed after 1 h, and the cells were washed three times in PBS ϩ 0.1% fatty acid-free BSA. Cells were scraped into radioimmune precipitation assay buffer, and radioactivity was quantified by scintillation.
Author contributions-X. H. and M. L. R. designed the study, analyzed all data, and wrote the paper. X. H. and D. B. performed all experiments.
